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Introduction
At a (sub) cellular level the force of gravity is insignificant compared to the three other basic forces in nature; the weak nuclear force, the strong nuclear force and the electrostatic force, that govern the force field within and between molecules inside a cell. Non-gravity related phenomena like thermal noise (kT) or chemical energies are orders of magnitude larger than 1×g acceleration (Albrecht-Buehler 1991) . However, the main difference between a gravitational load and phenomena like Brownian motion is that gravity is continuously acting in the same direction. Over the last decades space flight provided the opportunity to perform microgravity experiments, and a good body of knowledge provides compelling evidence that this seemingly weak force directly impacts single cells as described by Mesland and Brillouet (1987) , Brillouet (1995) , Demets (1996) , Moore and Cogoli (1996) , Brinckmann and Brillouet (1999) , Gaubert et al. (1999) , Cogoli (2002) , Clément and Slenzka (2006) , Häder et al. (2006) and Brinckmann (2007) . However, it is still unclear how this force impacts especially 'non-professional' cells, i.e. cells that would not seem to require a gravity sensor for proper functioning in contrast to 'professional' gravisensing cells such as plant columella cells or specialized single cells in vestibular systems.
Gravitational biology overlaps with or is part of mechanobiology. In mechanobiology we try to understand the impact of forces on whole systems, single cells, sub-cellular structures or even individual molecules. In gravitational biology studies we should distinguish experiments that study direct and indirect gravity effects on cells like the lack of convection under true weightlessness; see also Klaus (2001) , Thevenet et al. In mechanobiology we study effects of mechanical forces within and/or applied to a cell or parts of it, this can be termed as mechanomics. Extending this to the overall physical environment and processes around and within a cell we might even use the term 'physicomics' (1996) and Brown et al. (2002) . The focus of this paper is on direct effects of gravity onto cells.
In mechano-or gravitational biological experiments we apply or remove a mechanical force to change something in the cellular machinery to learn about underlying, general, biological mechanisms. The force evokes changes in the cell that lead to either damage or adaptations of the cell, which can be divided into several steps. First we have mechanoperception to detect a change in the mechanical forces acting upon a cell, presumably through sensors. The sensor's signal is relayed, or transduced, to a cellular response that elicits a response and or leads to mechano-adaptation (see Fig. 1 ). My hypothesis is that all reported changes in ion fluxes, protein levels and phosphorylation, changes in potentials, signaling molecules levels, or any biochemical changes are provoked by a mechanical modification somewhere within the cell or on its membrane. There are no biochemical modifications without prior mechanical change. Somehow cells within e.g. bone detect their mechanical usage, including weight, and adapts its structure accordingly. Similar processes occur in other systems like plants.
Instruments and Methods to Study (Sub-) Cellular and Molecular Mechanics
In the more distant past, mechano-biological studies were generally performed on tissue level like whole muscle groups or single bones. Recently we see a shift towards smaller entities like single cells or even individual molecules. Various instruments and techniques have been developed to study cellular mechanics.
Although not extensive, we shall address some of the most common technologies used to qualify and quantify cell mechanical properties (see Fig. 2 ).
Cole published one of the first papers on the practical use of the voltage clamp better known as the patch clamp technique (Cole 1949) . In short, a small pipette is filled with suitable solutions. A metal electrode in the solution conducts electrical changes to a voltage clamp amplifier. In this way the transport of ion through individual ion channels in the membrane can be monitored. Although this technique is not used to directly measure cell mechanical properties several studies have shown mechanosensitive ion channels like the one for calcium (Autret et al. 2005) .
Later, similar pipettes were used for a membrane aspiration technique developed by Mitchison and Swann (1954) in the early 1950s, in which forces are applied on the cell or vacuole membrane in order to deform them.
One of the earlier studies directly measuring whole single cell mechanical parameters were performed by McConnaughey and Petersen (1980) in the early nineteen eighties using a cell poker. In these 'cytotensiometric' measurements using attached mouse 3T3 fibroblasts they were able to apply a force of 10 μN (10 −3 dyne). Current developments lower the applied force to few picoNewton (pN).
Coated magnetic beads can be firmly attached to a cell surface. Applying a directed magnetic field to such a system forces the beads to rotate and thus apply a mechanical stress onto that part of the cell surface. Wang and coworkers introduced this technique in 1993 (Wang et al. 1993) . See also for a recent example of a cell poking study the paper by Geitmann (2007) in this same ASGSB Bulletin issue. c Application of magnetic beads attached to a cell surface. d Representation of a standard optical tweezer setup. The beads are trapped with two laser beams. A polymer, like DNA, or a complete cell may be attached between to the beads. By shifting the path of the lasers one can move the beads and apply a force to the interconnecting object. e Representation of a particle tracking set-up where stained particles within a cell can be monitored using a regular light or fluorescent microscope. f A squeezing plate or probe. The upper plate can move carefully towards an attached cell. g An AFM set-up. The cell surface is probed with a tip fixed to a constantly vibrating cantilever. Both height and force can be measured. h Surface stretch/deformation experiment. Studies are most often performed applying a unidirection or omni-directional stress. i Simple representation of a gravity force acting upon a monolayer of cells. See for an overview of gravity related ground facilities van Loon et al. (1999) . j Simple representation of hydrostatic pressure acting upon a cell monolayer. k Fluid shear stress acting upon a cell monolayer. l Vibration acceleration in X-Y direction applied onto a cell monolayer Optical tweezers utilize an optical field gradient to "trap" micron-sized refractive objects such as polystyrene beads. This trap can be controlled spatially in three dimensions. Single molecules can be attached to beads or to the cell surface, e.g., via integrins. The relation between the displacement and force (i.e. strain) provides information of the mechanical properties of the material. Sasaki et al. (1992) introduced the technique in 1992 and the work of Ashkin (1997) promoted its application in biological studies. Magnetic beads were earlier applied in a magnetic tweezer set-up using a single DNA molecule by Smith et al. (1992) .
Magnetic properties may also be applied to study cell mechanical properties. Kuznetsov and Hasenstein (1997) applied a ferromagnetic wedge to generate a high gradient magnetic field to dislocate amyloplasts in barley coleoptiles and tomato hypocotyls. High gradient magnetic fields can be applied at a larger scale, i.e. to whole organisms for example in a sufficiently large bore of a Bitter magnet. Berry and Geim (1997) demonstrated the levitation of various biological organisms including a living frog. The authors postulated that magnetic levitation might be seen as possible microgravity simulations for biological samples. However, a distinction has to be made between compensating weight and other phenomena such as convection, as compared to real microgravity (Poodt et al. 2005 ) especially for inhomogeneous biological samples.
Besides using external forces, we may also use straightforward observation to track intracellular components. Molenaar et al. (2003) used fluorescentlytagged beads coupled to telomeric complexes to study the dynamic behavior of the telomeric DNA in osteosarcoma cells. Tseng et al. (2002) made use of the inherent Brownian motion of microinjected fluorescent particles in a live-cell multiple-particle-tracking microrheology technique. They showed that the cytoplasm is much more mechanically heterogeneous than relatively simple reconstituted actin filament networks.
With a micro-squeezing plate it is possible to apply static or dynamic loads up to about 500 μN with a resolution of 10 μN on individual cells, measuring the resulting forces while observing the cell with a confocal microscope (Peeters et al. 2003 ). The device is specifically developed to study the cellular background mechanisms for pressure sores.
A fairly commonly used device in biomechanics is the atomic force microscope, AFM. With the advent of the AFM (Binnig et al. 1986 ) resolution on the nanometer scale has become possible and its ability to manipulate objects is a significant improvement over light microscopy. In many ways this method is related to cell poking, but it has better spatial and force resolution. The obvious limitation of the technique is that manipulation can only occur through the accessible surface of a cell, i.e. one cannot measure elastic moduli inside the cell without an influence of boundary conditions. Recently, AFM has been used in combination with gravity loading (van Loon et al. 2008) .
One often-used paradigm on whole cell monolayers is surface stretch. A monolayer of cells is grown on a flexible membrane that is stretched or otherwise deformed to apply a mechanical stress via the substrate to the cells. Murray and Rushton (1990) developed one of the first systems of this kind used in bone biology using mouse calvariae cells studying PGE2 release. Gilchrist and colleagues (Gilchrist et al. 2007 ) studied individual cells using a micrometer device providing a uniaxial stretch to a cell-seeded substrate.
We can also use gravity as one of the environmental parameters to study basic processes in life. However, the focus in gravitational biology has long been, and maybe still is, the actual space flight, microgravity or better microweight experiments. If we want to study the impact of weight onto systems, it is as important to go into orbital space flight, as it is relevant to use centrifuges. Although physical processes, and therefore biological systems, are behaving differently under (near) weightlessness (Albrecht-Buehler 1991; Todd 1989; van Loon 2007c) including studies under hypergravity c.q. hyper-weight conditions provide information for the entire gravity spectrum (Hatton et al. 2003; Hemmersbach and Haeder 1999; Thoumine et al. 1996; Searby et al. 2005; Tabony 2004; van Loon et al. 1999) . It was at first argued from a purely physical point of view, that non-specialized single cells might not be susceptible to small forces such as gravity (Pollard 1965; Went 1968) , many studies have shown otherwise. In an experiment using an AFM within a large-radius centrifuge we were able to monitor shape changes of the same cell going from 1 to 3 × g (van Loon et al. 2008 ). Not only hypergravity centrifuges but also microgravity simulators such as clinostats or random positioning machines (RPM) are very useful tools in this respect (Klaus 2001; Briegleb 1965 Briegleb , 1967 Briegleb , 1992 Galland et al. 2004; van Loon 2007a) .
Another paradigm to study cell mechanical properties is by the application of hydrostatic pressure. This has also been used quite frequently in studies on cell mechanics in the plant and animal kingdom in cell turgor (Geitmann 2007) or bone/cartilage research, respectively (Veldhuijzen et al. 1979; Klein-Nulend et al. 1987) . In a more recent study by Kim and coworkers (Kim et al. 2007 ) hydrostatic pressure was used to study signal transduction pathways and mechano-transducers in mesenchymal stem cells. They showed that cyclic hydrostatic pressure enhances osteogenesis in a 3D culture system via ERK1/2 activation.
Osmotic pressure also provides insight in cell mechanics and functioning. Chondrocytes exposed to a hypo-osmotic stress reveal a decrease in elastic moduli and apparent viscosity but changes were not apparent when cells were exposed to hyper-osmotic environment. Rapid changes in cortical actin were noted with hypo-osmotic stress (Guilak et al. 2002) .
The study of the impact of fluid shear stress onto cells has emerged from studies on the vascular system. While the focus in earlier reports was on the interaction of white blood cells to a vessel wall (Schmid-Schoenbein et al. 1975) , recent studies apply fluid shear to unravel signal transduction pathways in endothelial cells (Sun et al. 2007 ). It has been postulated that fluid shear might also regulate bone cell mechanics (Piekarski and Munro 1977; Cowin et al. 1991) . Recent studies from our lab have shown that MC-3T3-E1 osteoblastic bone cells are particularly responsive to specific fluid shear stress rates (Bacabac et al. 2004) .
In addition to the auditory and cochlear system vibrations play an important role in nature. Vibration at large frequency ranges are used by a variety of sensory systems, like the ear or the proprioceptive sensors in feet or jaws in order to locate pray or for communication (Hill 2001) . However, vibrations may also be exogenously applied to generate a biological effect. Tanaka et al. (2003) applied Gaussian quasiwhite noise to stimulate bone formation. Stochastic noise experiments in our lab using frequencies between 5 and 100 Hz have shown that nitric oxide and prostaglandin E2 production respond at specific frequencies. These effects might be due to nuclear motion within the cell during vibration . Naturally occurring vibrations due to Brownian motions can be used to estimate cell compliance as has been shown by Bacabac and colleagues (Bacabac 2006 ). Fitzgerald and Hughes-Fulford (1996) showed that the revere random vibrations during a Shuttle launch have a significant impact on gene expression in osteoblastic cells.
Also various configurations of cell culture micro patterned substrates are applied in relation to mechanobiology (Balaban et al. 2001 ). Lemmon and Romer (2007) started to use flexible rod shaped structures fixed onto a culture surface to which cells could attached. The rods would deflect in response to internal outwarddirected forces. Loesberg et al. (2006 Loesberg et al. ( , 2007 used an isotropic microstructured surface in combination with hypergravity stress or simulated microgravity in a random positioning machine, RPM, to reveal the forces involved in cell orientation and morphology. Properties of standard plastic culture flasks are often taken for granted. Experiments are performed with regular tissue culture substrates, which is quite distant from the actual in situ mechanical environment that cells experience in vivo. Therefore cells are likely to incorporate such external conditions into their physiological response (Georges et al. 2004) .
Finally, data emerging from biomechanical experiments of the sort mentioned above can be used to build a virtual cell. One can construct so-called finite element models, FEM, of a single cell or its components. Studies using these models can reveal interesting new insights into mechanical processes that later can be tested in vivo (Prendergast 2007) .
Discussion
The last decade has seen a very fruitful contribution by physicists and engineers to biological questions such as in mechano-biology. In line with the terminology for DNA, RNA or protein research, genomics, transcriptomics and proteomics, respectively, we might use the term mechanomics to describe all the mechanical phenomena involved in cell physiology. This term was introduced by Sem et al. (2001) . They used nuclear magnetic resonance, NMR technologies that characterize protein-ligand interactions combined with bioinformatics strategies across large families of proteins. The term "enzyme mechanomics" describes this newly enabled gene family wide characterization of structurefunction correlations but the term may be applied more widely. Mechanomics could include all mechanical interactions on the level of the cell, tissue and whole organism. On a cellular level, cytoskeleton elements are likely candidates for force generation and transduction processes. More intricate and possibly localized processes include the mechanical properties between the main cytoskeletal components and connections between the cytoskeleton and the cell membrane or cell wall. Mechanomics would also include molecular motors that use cytoskeletal structures such as myosins, dyneins, prestins or kinesins to facilitate intracellular transport and contractions. Processes like particle invagination, cell division, motility, cytoplasmatic streaming or particular ion channels are largely depending on mechanical or other physical processes. Therefore we should expand the term 'mechanomics' to include other physical parameters such as pressure, temperature, electro-magnetic fields et cetera and use a more comprehensive term of 'physicomics', which covers all physical properties involved in cell, tissue or body physiology. Characteristics and interactions of physical properties within a cell should be published similarly as in proteomics studies such as by Forgacs et al. (2004) on signaling networks and the cytoskeleton.
While the very first space biology experiments were quite basic and from the 'look-and-see' type, experimental facilities for gravitational biological studies have been improved over the years. However, current facilities and modules for space flight in vitro cell biology studies are still limited to the very basic 'rinse-andfix' type studies like in European facilities such as Biolab, Kubik or EMCS. Cells are cultured for some time, maybe some media changes are performed and finally stopped by chemical fixation. The nature of these experiments limits the assays mostly to mechanotransduction and mechano-adaptation but is less capable for studies on mechano-perception as shown in Fig. 1 . Studying mechanosensing or gravisensing, especially in 'non-professional' cells, depends on flight facilities and the concepts and technology of the devices described here. If we want to unravel gravisensing we need to invest in more specific and sophisticated facilities capable of real time measurements such as confocal and near scanning field microscopes, atomic force microscopes and optical and magnetic tweezers. Such research facilities would cover a broad basis for cell biological research on the International Space Station, as initially promised for ISS and some suggested by the science community years ago (Goede et al. 1992; van Loon and van Hulst 1999) . However, none of these capabilities have been realized up till now.
It seems that the hypothesis based on the various physical properties posed by Pollard (1965) , Went (1968) or Albrecht-Buehler (1991) that the force of gravity is too small to provoke direct physiological responses effect on a single, non-professional cell is still valid. However, there are other examples in nature where the forces for mechanical loads onto a system, as measured or predicted in vivo, are too small to generate a biological response. It has been shown that bone cells do respond to fluid shear stress in vitro (Piekarski and Munro 1977) and that these shear forces may account for bone mechanoadaptation in vivo (Burger et al. 1998 ). However, the in vitro forces applied are much larger compared to predicted in vivo conditions. In an attempt to bridge this gap in understanding bone mechanoadaptation Han et al. (2004) postulated a 3D model to amplify the mechanical stress by about one order of magnitude. In the auditory system a model is proposed that amplifies the signal for high frequencies by hair bundles in the cochlea (Kennedy et al. 2005) , while Brokaw postulated structural models that amplify the strain generated by motor enzymes (Brokaw 1997) . Even relativistic models have been proposed to explain the way biological systems might amplify the impact of weak electromagnetic field onto cells (Saxena et al. 2003) . So although gravity is a weak force on a cellular dimension similar amplification mechanisms as mentioned above might play a role in gravisensing, especially in non-professional cells.
The nature and localization of the mechano-or gravity sensor are key questions. Although this paper does not focus on the possible molecular candidates for this sensor, see for review by Hughes-Fulford (2004) , as hypothesized, this molecule(s) should be able to go through some kind of conformational change. I it is likely to be found in the load-bearing regions of or near the focal adhesion complex and corresponding cytoskeletal connections as shown for cdc42 molecule (Xiang et al. 2006) , vinculin (Balaban et al. 2001) , fibronectin (Baneyx et al. 2001) , angiostatin (Grandi et al. 2006) or PECAM-1 (Osawa et al. 2002) . However, other regions within the cell should not be excluded nor the possibility that due to (micro-)gravity mobile parts within the fluidic membrane might be rearranged in such a way that different reaction kinetics might become apparent. The current assumption that many effects of (micro-)gravity on suspension cultures stem from the lack of convection in near weightlessness (Klaus 2001; Thevenet et al. 1996; Brown et al. 2002) , this phenomenon could also apply to attached cells.
Gravity is a body force, so the whole cytosol might somehow be involved and this stress might be guided or concentrated to limited areas such as focal adhesions. It has been postulated that the small effect of gravity is integrated and/or amplified through mechanisms like reaction-diffusion (Turing 1952; Papaseit et al. 2000) , stochastic resonance (Pierson and Moss 1995; Galvanovskis and Sandblom 1997; Greenwood et al. 2000; Hänggi 2002) or 'signal averaging' of a constant small stimulus (Kondepudi 1991) .
Experiments applying mechanical forces like fluid shear stress or tethered beads exhibit a threshold value of ∼1nN per cell (Huang et al. 2004) . The force to generate a conformational change in individual molecules like FAT-Paxillin is 125pN (Kamm and KaazempurMofrad 2004) . The maximum force that can be generated due to the weight of an attached model cell, i.e. half sphere with diameter of 10 μm and a density 1.1 × 10 3 kg/m 3 , is about 5 pN. This force is even reduced if we consider the cell immerged in e.g. water. The apparent weight would be only some 5% of this i.e. 0.25 pN Simple Newtonian mechanics imply that 1 nN or 125 pN is equivalent to about 200 and 25 times the force resulting from unit gravity, respectively. The effect of gravity on, especially, non-professional gravisensing cells suggests the existence of a no straightforward linear relation between the magnitude of this force and its impact on cells.
